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Abstract
In the phase of the study reported, the sol–gel technique was followed in the preparation of cobalt ferrite amorphous powder following the
same procedure which was selected as the best approach as described in a previous study. It was assumed that there must be a correlation between
the heat treatment operational parameters and the structural properties of the material being synthesized. Similarly, it was understood that some
heat treatment is necessary to completely decompose the organic and nitrate contents present in the amorphous powder. Having ensured that the
heat treatment parameters could be changed without producing a material with poorer properties, it was then possible to produce batches of
powders using milder conditions in the heat treatment operation. The particle size distributions of these new batches of nanoparticles were
estimated to be in the range 7–28 nm and since the results showed promise, their magnetic properties were also determined.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Cobalt ferrite nanoparticles have recently been of interest to
many researchers due to their diverse potential industrial and
biomedical applications [1–3]. Cobalt ferrite nanoparticles were
proposed as a promising solution in biomedical applications, such
as magnetic thermo-drug delivery and hyperthermia, biosensors
and magnetic resonance imaging [4–6].
Many techniques have already been employed in the
development of cobalt ferrite nanoparticles including a novel
solvothermal approach [7], microemulsions [8], a new non-
aqueous route [9], a chemical co-precipitation method [10] and
the sol–gel technique [11].
Among the various liquid-phase chemical techniques, reported
in the literature and employed for the synthesis of cobalt ferrite
nanoparticles, the sol–gel process (including a heat treatment
operation) is probably the most effective and feasible route to
develop high purity, homogeneous and crystalline nanoparticles.
The sol–gel technique is a low temperature process which
involves hydrolysis and condensation reactions of metal precur-
sors (salts or alkoxides) leading to the formation of a three-
dimensional inorganic network [12,13]. Metal hydroxyl groups
(M-OH) are formed during the hydrolysis. These groups subse-
quently condense into strong, rigid and irreversible metal-oxo-
metal bridges (M-O-M).
In a previous study [14], cobalt ferrite powders were
prepared and developed. It was suspected that the nanoparti-
cles which had been synthesized had agglomerated and formed
larger particles as a result of the heat treatment operation. This
is because these nanoparticles were found to be in the size
range between 20 and 250 nm. Therefore, there is a need to
investigate whether the thermal energy released in the heat
treatment operation could be reduced because it might be
responsible for the undesired growth of particle size during this
operation.
In the phase of the study reported in this paper, the sol–gel
technique was followed in the preparation of cobalt ferrite
amorphous powder following the same procedure which was
selected as the best approach as described in the previous study.
It was assumed that there must be a correlation between the heat
treatment operational parameters and the structural properties (the
www.elsevier.com/locate/ceramint
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crystallinity and the freedom from unwanted oxides) of the material
being synthesized. Similarly, it was understood that some heat
treatment is necessary to completely decompose the organic and
nitrate contents present in the amorphous powder and finally to
form the spinel structure without these kinds of impurities also.
It was therefore important when attempting to change these
operational parameters of the heat treatment that this would not
result in a material with poorer properties. Having ensured that the
heat treatment parameters could be changed without producing a
material with poorer properties, it was then possible to produce
batches of powders using milder conditions in the heat treatment
operation. The particle size distributions of these new batches of
nanoparticles were estimated and since the results showed promise,
their magnetic properties were also determined.
2. Experimental procedure
2.1. Material development
The sol–gel synthesis was based on the formation of a stable
and homogenous solution made by dissolving a mixture of
Cobalt (II) nitrate hexahydrate (Co(NO3)2d6H2O, ≥99%,
Fluka) and Iron (III) nitrate nonahydrate (Fe(NO3)3d9H2O,
≥98%, Sigma-Aldrich) in water, which is a hydrolysis reac-
tion. The solution was transformed into a sol and then a gel by
evaporation of the water, and during this time condensation
reactions took place. Details of the whole preparation process
are sketched in Fig. 1 [14].
The precursors were used as received without any further
purification. In order to maintain the homogeneity in both the
sol and the gel during the condensation and other reactions,
avoiding any precipitation or sedimentation of the products of
these reactions, citric acid (CA, Sigma-Aldrich) was employed
as a chelating agent. Both precursors were initially separately
dispersed in de-ionized water for half an hour by stirring.
Following this dispersion, the chelating agent was added and
the mixture was left reacting under vigorous stirring for 2 h.
Both solutions were then mixed together and left stirring for
24 h and after this the condensation reactions of both metal
nitrates was allowed to take place. The quantity of each metal
precursor was calculated so that the ratio of the two metals in
the final material would be Co:Fe¼1:2 and the quantity of
citric acid was estimated assuming that each ferric ion would
require two molecules of citric acid and each cobaltous ion
would require two molecules of the chelating agent as well, so
that the metal ions would be adequately chelated.
2.2. Methodology
It is understood that most of the oxidation reactions which
occur during the heat treatment operation take place above a
temperature of 200 1C. This follows as a result of the DTA/
TGA curves for the amorphous powder which are shown in
Fig. 2. Therefore, in the initial investigation to determine
whether the temperature used in the heat treatment operation
could be reduced, the temperature range of 200–600 1C was
selected for the initial trials and the 10 h dwelling time was
maintained for each trial.
The methodology of this initial study consisted in a series of
trials. In each trial the temperature of the heat treatment was
different. The selected temperature was decreased for each
member of the series from an initial value of 600 1C for the
first trial in intervals of about 50 1C to a temperature of 200 1C,
being the lowest temperature of interest, while the dwell time
was maintained at 10 h. It was then planned that a second
series of trials would be carried out in which this minimum
temperature for the heat treatment would be maintained, while
the dwell time would be progressively decreased from an
initial value of 10 h in intervals of 2 h, down to a final value of
2 h.
Afterward, the material produced in each trial was analyzed
by XRD, with the aim of identifying and then quantifying the
impurities in the products. It was hoped that this work would
identify a temperature for the heat treatment, below which
Fig. 1. Materials preparation [4]. Fig. 2. DTA/TGA curves of cobalt ferrite amorphous powder.
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there would be problems with impurities, and above which the
risk of impurities developing would be insignificant. This
temperature would be the minimum temperature at which the
heat treatment could be operated in a process to produce pure
cobalt ferrite with its spinel structure.
However, as the work progressed it became clear that with a
temperature of only 200 1C, the heat treatment could still result
in producing the cobalt ferrite with the spinel structure with no
other oxides. At this point, the investigation became focussed
on the dwell time of the heat treatment, and this was then
studied. It could be safely assumed that investigations studying
different dwell times (10, 8, 6, 4 and 2 h) at temperatures
which are much higher than the minimum temperature, e.g.
500 or 600 1C, would result in products with the spinel
structure and without impurities. As the research interest is
to determine the critical conditions, it was believed it is better
to focus the interest on studying the morphology and magnetic
properties of nanoparticles prepared under these critical con-
ditions whose significance lies in the fact that they are much
more likely to be produced on a larger scale. The list of
samples investigated in this study and their conditions of
preparation are indicated in Table 1.
2.3. Characterization
A Horizontal Tube Furnace (Carbolite Ltd., Sheffield, UK)
was used to carry out the heat treatment operation on the
amorphous powders with 10 1C/min as the heating/cooling
ramp rates under ambient atmosphere. The structural charac-
terization of powders was carried out by measuring their XRD
patterns employing an X-ray diffractometer (D8 ADVANCE-
BRUKER) using Cu-Kα radiation. Differential Thermal Ana-
lysis (DTA) and Thermo-Gravimetric Analysis (TGA) were
performed in air to determine the temperatures at which the
decomposition and oxidation of the chelating agent take place.
The curves were obtained using heating/cooling rates of 10 1C/
min under ambient atmosphere to investigate and identify the
purity of the materials. Fourier Transform Infrared Spectro-
scopy (FTIR) was used to investigate the molecular structure
of the materials for comparison reasons. The morphology of
the materials (homogeneity and particle size) was observed by
a Field Emission-Scanning Electron Microscope (FE-SEM).
The magnetic properties (hysteresis loops) were recorded at
both room temperature and 10 1K using a Vibrating Sample
Magnetometer (VSM) with a maximum magnetic field of
50 kOe. 20 mg of powder was used in each determination. The
temperature dependence of the magnetization curve under
zero-field cooled conditions was also recorded.
3. Results and discussion
3.1. Structural and thermal analyses
As reported in the literature [14,15], cobalt ferrite XRD
pattern exhibits 8 peaks located between 2θ1=15 and
2θ1=70 as follows: 18.289, 30.085, 35.438, 37.057, 43.059,
53.446, 56.975, 62.587 corresponding to the related Miller
indices which are: (111), (220), (311), (222), (400), (422),
(511), (440), respectively. The respective intensities of these
peaks against the intensity of the maximum peak located at
2θ1=35.438 are as follows: 10%, 30%, 100%, 8%, 20%, 10%,
30%, 40%.
The XRD patterns of the products prepared with the heat
treatment operational parameters defined in Table 1 are
presented in Fig. 3. One can observe that all the peaks related
to cobalt ferrite spinel structure are identifiable in all the
materials with no additional peaks and all patterns match with
the JCPDS-ICDD file number of 22–1086.
Although each sample in the series was prepared at a
different heat treatment temperature, in the range from
600 1C down to the minimum temperature of interest, i.e.
200 1C, in each case the only phase observable in the XRD
patterns is that of the cobalt ferrite spinel phase as indicated by
the XRD patterns of samples A, B, C, D, E, F, G, and H. At
that stage, it was thought that there would be no point in
Table 1
Heat treatment conditions of prepared samples.
Sample Heat treatment temperature (1C) Dwelling time (h)
A 600 10
B 500 10
C 450 10
D 400 10
E 350 10
F 300 10
G 250 10
H 200 10
I 200 8
J 200 6
K 200 4
L 200 2
Fig. 3. XRD patterns of samples (A–L).
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operating the equipment with a dwell time of 10 h if reducing
the time could also result in reducing the particle sizes.
Therefore, in a further series of trials the 10 h dwell time
was reduced to 8, 6, 4, and then finally to 2 h while the
temperature was maintained at 200 1C. Again in each case the
only phase observable in the XRD patterns is that of the spinel
structure as indicated by the XRD patterns of samples I, J, K,
and L shown in Fig. 3.
These results indicate the success of the particular form and
arrangement of the sol–gel technique, described in the previous
study in developing a material with the cobalt ferrite spinel
structure. It can be assumed that with this particular choice of
starting materials and procedures, the cobalt ferrite structure
would have been obtained with a heat treatment temperature
anywhere within the range between 200 and 600 1C. However,
as XRD patterns can only be used to identify crystalline
structures present in a material they do not give any informa-
tion about the purity of the materials, if these materials also
contain substances which are not crystalline, such as organic
constituents. It was therefore decided to perform thermal
analyses such as DTA/TGA to identify the purity of the
prepared materials taking into account non-crystalline sub-
stances. These other techniques would identify the minimum
temperature and time required to complete the decomposition
of the nitrates and the decomposition or oxidation of organic
moieties, initially present in the precursors and in the chelating
agent or having been produced in reactions during the sol–gel
processing.
To pursue this approach further, the dwell times and
temperatures of the heat treatment operation, which were
designated above as A and L were selected for comparison,
because they represent the two extremes of the parameters,
being the strongest 600 1C, for 10 h and the mildest 200 1C,
for 2 h respectively. The heat treatment operations were then
carried out, but in the DTA/TGA equipment using the same
starting material, the amorphous powder produced by the sol–
gel process, and using the equipment's programmable ramp
rates and set temperatures to repeat, as closely as possible, the
operation of the horizontal tube furnace, normally used for the
heat treatment operation. According to the work reported in the
previous study, the heat treatment conditions designated as A
were carried out already, in both the horizontal tube furnace,
and in the DTA/TGA equipment (sample 14 and Fig. 7) [14].
The analyses suggest that the product, identified as cobalt
ferrite with a spinel structure, at 350 1C, became free of any
organic or unstable inorganic impurities, because the solid
(WtPercent[%]) became stable with no further oxidation or
decomposition reactions to form gases about and above
350 1C. These results can therefore be used as a reference
for comparison with the heat treatment parameters designated
as L.
The thermal analysis following the heat treatment conditions
designated by A is shown in Fig. 2. In the results one can
observe that within the range of temperatures between room
temperature and 600 1C, the DTA curve exhibits two exother-
mic peaks or bands centered at 150 1C and 300 1C. The band
centered at 300 1C is actually spread out over a range of
temperatures from 205 1C up to 345 1C. This band seems to
result from the superimposition of several overlapping bands.
In fact, it is well known that the oxidation of various, similar
organic compounds take place in this domain of temperatures.
In this case, it is very likely that the width of the band results
from both the decomposition of the nitrate ions, which were
originally linked to both the Co and the Fe ions and the
oxidation and decomposition of the citric acid, which have
become linked to both the Co and the Fe ions. Furthermore,
the TGA curve shows that the initial weight of material
reduces to 16% of its original value during the heat treatment.
The additional components contribute 84% to the total weight
of the amorphous powder.
The results of the DTA/TGA following the heat treatment
conditions designated by L are shown in Fig. 4. It has already
been shown using different equipment that the heat treatment
conditions of 200 1C for 2 h produces cobalt ferrite with the
correct spinel structure with no other oxides. However, one can
observe in the TGA curve that the initial weight of the starting
material reduces to only 29% of its original value. This is 13%
higher than the final value when compared with the corre-
sponding result for the heat treatment procedure designated by
A. This must be attributed to the incomplete oxidation and
decomposition of the organic and nitrate components. This
result indicated the need to investigate the effects of the
different parameters in the heat treatment operation more
thoroughly and to identify the optimum set points which
would produce the cobalt ferrite free of all additional
components.
To identify the optimum heat treatment conditions, there
were initially two alternative strategies which could be
adopted: either (1) gradually to increase the dwell time while
maintaining the heat treatment temperature at 200 1C; or (2)
gradually to increase the heat treatment temperature up
towards 600 1C, keeping the dwell time constant at 2 h.
However, it was considered most likely that increasing the
heat treatment temperature would generally have a greater
effect on the particle size, than an increase in the dwell time,
and a growth in particle size is most undesirable in this study.
Therefore, increasing the dwell time at a lower temperature
Fig. 4. DTA/TGA curves of sample (L).
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was considered to be a better strategy than increasing the
temperature with a short dwell time.
This investigation started, therefore with 200 1C as the heat
treatment temperature, and the dwell time was gradually
increased in a series of trials using the DTA/TGA equipment.
However, even when the dwell time had been extended to
10 h, the TGA curve showed that the initial weight of the
starting material was reduced only to 24% of the original
value. This indicates that there was insufficient thermal energy
to oxidize or decompose the organic and nitrate components
completely.
A temperature of 250 1C was then selected and the same
approach was repeated by gradually increasing the dwell time.
Eventually, it was found that with the parameters of 250 1C
and 10 h as the heat treatment temperature and time respec-
tively, the desired result was achieved. The final point on the
TGA curve at 250 1C was 16%.These parameters had already
been selected in earlier trials, and had been designated as G.
They represent the lowest thermal conditions for the heat
treatment which will ensure the complete elimination of all
impurities. The heat treatment operation with these settings
would provide the smallest possible opportunity for the particle
size to increase because the temperature would be kept to the
minimum. The DTA/TGA curves for these heat treatment
settings designated by G are shown in Fig. 5. The final
percentage point weight of the TGA curve is found to be equal
to the equivalent final percentage point weight of the TGA
curve following the heat treatment parameters designated by A
(16% of its initial weight). This demonstrates the complete
elimination of all impurities and the attainment of cobalt ferrite
as a single phase.
3.2. FTIR analysis
FTIR spectroscopic analyses were carried out on samples of
the same amorphous powder, the product of the sol–gel
processing described above, after they had been heat treated
in the horizontal tube furnace. The parameters used in the heat
treatment operation were different for each sample, and these
parameters were the same as those designated as A, G, H and L
in Table 1. The results are shown in Fig. 6. One can observe
that the spectra of samples A and G are identical demonstrating
the presence of the same chemical bonds and molecular
structure in both samples. These spectra are clearly different
from the spectra of samples H and L, which are identical on
their own, demonstrating the presence of different material
(organic residues) beside the cobalt ferrite in both samples.
3.3. Morphology and particle size
As stated above, the particle size of ferrite powders is
crucially dependent on the temperature during the heat treat-
ment [16,17]. The observed increase in the size at higher
temperatures could be a result of the formation of crystalline
clusters, clusters of crystals which have become cemented
together. However, normally when particles come into contact
with each other and under favorable energetic conditions, some
of them grow, while others decrease in size and disappear
altogether, and so the result is usually a smaller number of
larger particles [18].
An FE-SEM image of particles made during the heat
treatment carried out using the parameters indicated by G is
shown in Fig. 7. This image has been used to estimate the
particle size distribution. The sample is composed of nano-
particles in the size range between 7 and 28 nm. The particles
are smaller than those in the corresponding FE-SEM image,
after the heat treatment parameters indicated by A were
followed (sample 14 in the previous study) [14]. It is evident
that the increase in particle size resulted because the heat
treatment temperature was allowed to reach a much higher
value, 600 1C, in comparison with the temperature indicated by
G, 250 1C. A histogram of the particle size distribution of
sample G is shown in Fig. 8. As can be seen, the sizes of about
70% of the particles (The percentage refers to the total number
of particles) are smaller than 15 nm. The asymmetric shape of
the histogram may indicate that some agglomeration had taken
place, with the formation of particles with larger sizes, e.g.
around 25 nm.
Fig. 5. DTA/TGA curves of sample (G). Fig. 6. FTIR spectra of samples (A, G, H, L).
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3.4. Magnetic properties
The magnetic properties of the nanoparticles in sample G were
investigated in order to determine their magnetic state and to
predict their behavior in various circumstances. The hysteresis loop
at room temperature is shown in Fig. 9. The saturation magnetiza-
tion, the remnant magnetization and the coercivity are found to be
as follows 62 emu/g, 22.5 emu/g and 1250 Oersteds, respectively
(The magnetization indicated in the figure refers to “mass
magnetization”). These results are in good agreement with one
reference [19] but in obvious disagreement with another reference
[20]. In this last reference the saturation magnetization of particles
with a size of 25 nm was estimated to be only 19 emu/g. However,
it should be noted that in this case no heat treatment was carried
out at the end of the synthesis process. This omission could have
had the effect that the particles might have been only partially
crystalline and, in turn, this factor may have contributed to a
reduction of the effective size of the particles. Particle size has an
important role in decreasing the saturation magnetization and
therefore the omission of the heat treatment casts some doubt on
the very low value for the saturation magnetization quoted in this
reference. The low result for saturation magnetization might be as
well due to the presence of organic materials in the sample. If
organics were present in large quantities, the magnetic properties
would be poor when compared with pure cobalt ferrite, and
therefore the magnetic saturation would be smaller. Furthermore,
another reference can be quoted which gives support to the above
conclusions is as follows: measurements on particles with a size of
about 36 nm provide an estimate for a saturation magnetization of
64 emu/g [21].
It is now necessary to investigate the magnetic properties at low
temperature. Fig. 10 shows the hysteresis loop at 10 1K. The
saturation magnetization, the remnant magnetization and the
coercivity are 67.3 emu/g, 52.5 emu/g and 10,000 Oersteds, respec-
tively. The coercivity is therefore much greater at the low
temperature. This result is in approximate agreement with the
results of an investigation [22], in which the magnetic properties of
particles with 15 nm as the average size were studied using a
maximum applied magnetic field of 12 kOe. The coercivity was
estimated from measurements of the hysteresis loops recorded both
at room temperature and at 77 1K. The value at 77 1K was higher
than that at room temperature.
The remnant magnetization, Mr, is defined as the magnetization
left in a sample after removing the applied magnetic field.
Similarly, the coercivity, Hc, is defined as the applied magnetic
field necessary to bring the magnetization of a sample to zero. As a
comparison between the two loops, Figs. 9 and 10, recorded at
300 K and at 10 K, reveals, some magnetic properties (Mr, Hc) are
found to have higher values at the lower temperature. This could
be understood to be a result of energy barriers in nanoparticles
becoming more apparent at lower temperatures. It is suggested that
these barriers always exist, but they become more obvious at low
temperatures, and they are barriers which retard magnetic moments
from aligning towards the applied magnetic field. In this case, more
time is required for the magnetic moments to relax resulting in
higher values of Mr and Hc. Their existence may also become
more noticeable because a stronger applied magnetic field is
required to align the magnetic moments in nanoparticles.
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Fig. 7. FE-SEM image of sample (G).
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The temperature dependence of magnetization under zero-field
cooled (ZFC) conditions for sample G is shown as a curve in
Fig. 11. The Figure shows that magnetization increases with
temperature. For each measurement the magnetization was deter-
mined at the same applied magnetic field strength of 500 Oersteds.
This magnetic field must have been switched off while the sample
was cooled through the transition temperature and then switched
on again once a low temperature had been achieved. In other
investigations, while the sample is in the ferrimagnetic state, the
magnetization increases with temperature, then it reaches a
maximum value at the transition temperature between the ferri-
magnetic state and the superparamagnetic state, and then it
decreases as the temperature continues to rise. The curve in
Fig.11 therefore seems to indicate that the majority of particles in
sample G are still in the ferrimagnetic state at 300 K or room
temperature.
4. Conclusion
Variations of the parameters of the heat treatment operation,
the final stage in the preparation of cobalt ferrite nanoparticles
were investigated. The spinel structure was formed in all the
products, but in some cases other phases were also present.
The impurities in the products were identified. The lowest
temperature and shortest dwell time required to prepare cobalt
ferrite nanoparticles with a single phase were determined,
using techniques involving DTA/TGA equipment and FTIR
spectra. The heat treatment parameters of 250 1C and 10 h,
which were the set points chosen for the production of sample
G, were selected because they ensured the complete elimina-
tion of impurities in the product, while also providing the
smallest opportunity for the particles to grow to larger sizes.
An FE-SEM image of sample G demonstrated that it was
composed of nanoparticles in the size range between 7 and
28 nm. Relevant magnetic properties demonstrated the ferri-
magnetic behavior at room temperature of sample G with a
saturation mass magnetization of 62 emu/g. With heat treat-
ment parameters as low as 250 1C and 10 h, the method of
preparation described in this study is a significant improvement
over the methods reported by other investigators in the state of
the art literature.
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